Nerve growth factor (NGF) is produced in the hippocampus throughout life and is retrogradely trafficked to septal cholinergic neurons, providing a potential mechanism for modulating cholinergic inputs and, thereby, hippocampal plasticity. To explore NGF modulation of hippocampal plasticity and function, NGF levels were augmented or blocked in intact adult rats, and subsequent in vivo effects on cholinergic neurons, hippocampal long-term potentiation (LTP), and learning were examined. NGF augmentation significantly enhanced cholinergic neuronal markers and facilitated induction of hippocampal LTP. Blockade of endogenous NGF significantly reduced hippocampal LTP and impaired retention of spatial memory. These findings reveal an essential role for NGF in regulating biological mechanisms related to plasticity and memory in the intact adult brain.
Introduction
The actions of nerve growth factor (NGF) in reversing lesion-and age-related degeneration of basal forebrain cholinergic neurons in the adult CNS have been well defined (Conner and Tuszynski, 1999) . However, the physiological role of NGF within the intact adult CNS remains unexplored for the most part. Existing evidence suggests that NGF could act as a dynamic modulator of basal forebrain cholinergic projections to the hippocampus: (1) NGF expression within basal forebrain targets, the hippocampus and neocortex, is maintained at high levels throughout life (Large et al., 1986; Whittemore et al., 1986) , and withdrawal of NGF induces cholinergic neuronal atrophy (Sofroniew et al., 1990) ; (2) cholinergic neurons actively transport NGF retrogradely from these regions of production to their somata in the basal forebrain (Schwab et al., 1979) , leading to active NGF turnover throughout adulthood (Conner and Varon, 1992; Brooks et al., 2000) ; and (3) cholinergic neurons of the basal forebrain are the only neuronal system in the brain to constitutively express both trkA and p75NTR (p75 neurotrophin) receptors (Sobreviela et al., 1994) , suggesting a unique sensitivity to NGF on an ongoing basis.
Despite ample evidence indicating that NGF can modulate the functional state of cholinergic systems projecting to hippocampal and cortical targets, along with experimental demonstrations that acetylcholine can influence various aspects of synaptic plasticity, there has been no direct examination of the hypothesis that NGF availability influences hippocampal plasticity and function in the intact adult brain specifically by acting on cholinergic systems. To test this hypothesis, NGF availability, specifically within the septo-hippocampal system, was either augmented or blocked, and consequences of these manipulations on cholinergic neuronal morphology, hippocampal synaptic transmission, and spatial learning were determined. We now report distinct effects of NGF on cellular, electrophysiological, and behavioral plasticity in the intact adult CNS.
Materials and Methods
A total of 112 adult female F344 rats (175-200 g) were subjects of this study. Rats were 3-4 months of age when studies were initiated and were Ͻ5 months of age at the completion of the studies. Of these, 32 animals received NGF infusions, 18 received anti-NGF infusions, 11 received IgG 192-saporotoxin lesions, 45 received control (vehicle) infusions, and 6 were untreated (intact). All studies were performed under protocols approved by the institutional animal committee in accordance with international ethical care guidelines. Rats were housed in groups of three, were on a 12 h light/dark cycle, and were given ad libitum access to food and water.
Surgical procedures. All surgical procedures were performed under ketamine (50 mg/kg)/xylazine (2.6 mg/kg)/acepromazine (0.5 mg/kg) anesthesia. Chronic intraseptal NGF infusions were made by implanting a cannula within the septum (rostrocaudal, ϩ0.3 mm; mediolateral, 0.5 mm; dorsoventral, Ϫ6.0 mm relative to bregma). The cannula was attached to an osmotic pump (Alzet 2002; Alzet) delivering either recombinant human NGF (12 l/d of 10 g/ml solution in vehicle; gift from Genentech) or vehicle [artificial CSF (ACSF) in 0.1% rat albumin]. The osmotic pump assembly was inserted into a pocket behind the animal's shoulders, enabling the rat to move about in an unrestricted manner. Infusion cannulae remained in place throughout the period of behavioral testing but were removed immediately before starting electrophysiological recordings. The extent of NGF diffusion was assessed immunocytochemically using NGF-specific antibodies (1:1000 dilution) (Conner and Varon, 1996) after subject perfusion with 2% parafor-maldehyde and 0.2% parabenzoquinone, as previously described (Conner and Varon, 1996) .
NGF ELISA. A quantitative assessment of NGF protein levels after intraseptal infusions was made in 12 animals (six NGF and six vehicle). After 7 d of continuous infusion, animals were killed under deep anesthesia by decapitation, their brains were rapidly removed, and tissues (including medial septum, striatum, parietal cortex, frontal cortex, and hippocampal formation) were dissected on ice and stored at Ϫ80°C until assayed in a two-site ELISA specific for NGF (Conner and Varon, 1996) .
ChAT assay. The effects of NGF on choline acetyltransferase activity were determined using a quantitative radioenzymatic assay (Fonnum, 1975) . In brief, after infusions of NGF or vehicle, animals were decapitated and their brains rapidly dissected on ice. Tissue samples, including hippocampus, septum, and striatum, were weighed and stored at Ϫ80°C. Samples were sonicated in homogenization buffer containing 0.87 mM EDTA and 0.1% Triton X-100, pH 7.0, and ChAT activity was measured by the incorporation of [
14 C]acetyl-coenzyme A into [ 14 C]ACh. The protein content of each sample was determined by Bradford protein assay (Bio-Rad), and final activity was expressed in nanomolar ACh ⅐ hour Ϫ1 ⅐ milligram protein Ϫ1 . Morphological assay. The effects of NGF on cholinergic neuron cell size were determined in six NGF-infused (0.01 mg/ml for 7 d) and five vehicle-infused animals using stereological procedures. Sections spaced 240 m apart (40 m thick) were processed for ChAT immunohistochemistry using a polyclonal antibody (Millipore Bioscience Research Reagents; AB144 at 1:500 dilution). A nucleator stereological procedure contained within the Stereo Investigator software (MicroBrightField) was used to determine the mean cross-sectional area for labeled cells. Findings among groups were compared using Student's one-tailed t test with a significance level of 95%.
Selective cholinergic lesions. Lesions of the basal forebrain cholinergic system were made using the IgG-192 immunotoxin (MAB390; Millipore Bioscience Research Reagents), which selectively binds and kills basal forebrain cholinergic cells via the p75 cell surface receptor by disrupting ribosomal function (Wiley et al., 1991; Book et al., 1994) . The immonotoxin was administered to 11 rats through a 40 m glass pipette bilaterally at two rostrocaudal locations within the medial septum (rostrocaudal, ϩ0.4 mm and 0.0 from bregma). At each site, 0.5 l of the immunotoxin (0.1 mg/ml in ACSF) was injected using a Picospritzer (General Valve). Two additional animals received similar injections of ACSF as a control.
Electrophysiology. For electrophysiological recordings, rats were anesthetized with urethane (1.65 g/kg, i.p.; Sigma-Aldrich) and placed in a stereotaxic frame. Rectal temperature was maintained at 37 Ϯ 1°C. An insulated 70-mm-diameter stainless-steel electrode (A-M Systems) was placed in the dorsal limb of the dentate gyrus 3.3 mm posterior and 1.2 mm lateral to bregma. A monopolar stimulating electrode was placed in the ipsilateral perforant path, 3.0 mm lateral to lambda. Once both electrodes were lowered to elicit optimal recordings, the minimum stimulating current necessary to give a maximal response (S max ) was determined and baseline EPSPs were elicited by stimulating once every 15 s with a 0.1 ms pulse of 1/3 S max (typically 150 -250 A). The initial slope of the recorded EPSP for each response was measured and averaged across 5 min epochs. A stable 30 min baseline was recorded before long-term potentiation (LTP) was induced with eight trains of 50 pulses at 100 Hz, 30 s apart, and posttetanus EPSPs were then recorded for 90 min. Data were acquired and analyzed using LabView 5.1 (National Instruments) on custom written software. All data are given as the percentage change from baseline (mean Ϯ SE) and unpaired t tests were performed using each 5 min average from all animals in each group as single data points. Immediately after recording, animals were perfused with 4% paraformaldehyde and their brains were removed for histological verification of cannula and electrode placement (see example in Fig. 3D ) using a series of thionin-stained sections spaced 240 m apart.
Behavioral assay. To examine the effects of blocking endogenous NGF on learning and memory, animals received bilateral infusions of a function blocking NGF antibody (Conner and Varon, 1996) or nonspecific rabbit IgG into the dorsal hippocampus. The NGF antibody used in this study completely and specifically inhibits NGF biological activity and does not affect the function or survival of neuronal populations responsive to brain-derived neurotrophic factor (BDNF) or NT-3 (Conner and Varon, 1996) . NGF antibody was continuously infused at a concentration of 25 ng/l ϫ 6 l/d per side, for 1 week before initiating either electrophysiology or behavioral analyses. Previous studies have demonstrated that in vivo infusion of NGF antibodies for 1 week significantly reduces ChAT activity in the septal nucleus (Nitta et al., 1993; Van der Zee et al., 1995) . Rats began acquisition testing in the Morris water maze (Morris, 1984) 7 d after implantation of chronic infusion pumps (Alzet 2002). In brief, 12 rats underwent 10 d of acquisition testing (two trials per day, 90 s maximum) in which they were required to learn the location of a hidden platform in a circular fiberglass pool (152 cm in diameter). The platform had a constant location in the center of the southwest quadrant of the pool. The rat was lowered into the pool, facing the tank wall, at one of four possible start locations spaced equally around the tank. The choice of start locations was determined pseudorandomly so that on each day the rat was forced to swim one long and one short trial, based on whether the start location was adjacent or opposite to the platform location. For each trial, the swim distance and latency to reach the hidden platform were determined using a video tracking device with Chromotrack software (San Diego Instruments). On each day, motor activity was measured as a function of swim speed (swim distance/latency to reach the platform). Ten days after completion of acquisition trials, rats underwent two additional trials of hidden platform testing to measure retention for platform location. At the completion of testing, animals were perfused with 2% paraformaldehyde and 0.2% parabenzoquinone, and brains were sectioned at on a sliding microtome set at 40 m. Cannula placement and diffusion of NGF antibody and control IgG (rabbit IgG antibody; Vector Laboratories) were verified histologically.
Results

NGF augmentation stimulates cholinergic neuronal phenotype and facilitates induction of LTP
Targeting the cholinergic projection to the hippocampus, we first determined the effects of protracted elevations of relatively low doses of NGF on cell morphology and hippocampal plasticity. Adult Fischer 344 rats received direct intraseptal infusions of NGF at a dose of 0.12 g/d, an amount 10-to 10,000-fold lower than in previous studies that used pharmacological NGF doses (Hefti, 1986; Williams et al., 1986; Koliatsos et al., 1990; Tuszynski et al., 1990; Garofalo et al., 1992; Markowska et al., 1994; Bergado et al., 1997; Kelly et al., 1998) , thereby reliably restricting NGF action to septal cholinergic neurons projecting to the hippocampus (Fig. 1) . Only cholinergic cell bodies in this region express the receptors trkA and p75 to mediate NGF signal transduction (Sobreviela et al., 1994) , thereby limiting NGF effects to cholinergic neurons. Control subjects received vehicle infusions for the same period. After 1 week, ELISA confirmed that NGF levels were significantly elevated only within the septal region ( p ϭ 0.020) (Fig. 2 A) , without spread to the hippocampus. Moreover, lowdose NGF infusions within the septum significantly increase choline acetyltransferase activity, determined by RIA, both within septum (mean Ϯ SEM, vehicle, 96.4 Ϯ 3.4 nM ACh ⅐ h Ϫ1 ⅐ mg Ϫ1 ; NGF, 165.8 Ϯ 7.4 nM ACh ⅐ h Ϫ1 ⅐ mg Ϫ1 ; p Ͻ 0.0001, unpaired t test) and within its hippocampal innervation target (vehicle, 53.8 
Moreover, NGF delivery within the septum induced significant cholinergic somal hypertrophy of septal cholinergic neurons relative to vehicleinfused subjects ( p ϭ 0.0002, unpaired t test) (Fig. 2 B; supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). To confirm that NGF effects were restricted to the septum, we also analyzed NGF levels and cell hypertrophy within the adjacent striatum. Previous studies indicate that striatal cholinergic interneurons express the high-affinity trkA receptor (Holtzman et al., 1992) and respond to NGF, as evidenced by cell hypertrophy (Gage et al., 1989; Vahlsing et al., 1991) . Intraseptal infusions of NGF did not significantly elevate striatal NGF levels and did not induce cell hypertrophy in striatal cholinergic cell bodies ( p ϭ 0.13, unpaired t test), indicating that NGF action was restricted to the targeted septal cholinergic neurons.
Effects of intraseptal NGF infusions on hippocampal electrophysiology were determined by examining induction of LTP in vivo along the perforant path-dentate gyrus projection. This form of synaptic plasticity is dependent on postsynaptic Ca 2ϩ influx and NMDA receptor activation (Malenka and Nicoll, 1993) and is a postulated mechanism underlying learning and memory (Bliss and Collingridge, 1993) . Seven days after the start of NGF intraseptal infusion, tetanic stimuli (1/3 S max ) were applied (see Materials and Methods). The mean slope of the EPSP after 90 min exhibited a significant twofold increase ( p ϭ 0.03, unpaired t test) in NGF-infused animals (18.4 ϩ 5.8%; n ϭ 6) compared with vehicle-infused controls (4.0 ϩ 1.7%; n ϭ 7) (Fig.  3A) , indicating that NGF facilitates the induction of hippocampal LTP. When stronger levels of tetanic stimuli (2/3 S max ) were applied in separate animals, NGF-treated rats tended to show greater levels of LTP (NGF, 36.6 ϩ 7.4%, n ϭ 10; vehicles, 27.8 ϩ 3.0%, n ϭ 10) (Fig. 3B ), but this effect did not reach significance ( p ϭ 0.29), possibly because the stronger 2/3 S max induction protocol approached saturating levels of stimulation. The process of pump implantation itself did not disrupt septohippocampal function, as naive animals exhibited LTP expression comparable with controls after tetanic stimulation (2/3 S max ): 30.0 ϩ 1.2% (n ϭ 6). Differences in paired-pulse depression (data not shown) and short-term depression during high-frequency stimulus trains (10, 40, and 100 Hz) (Fig. 3C) were not observed when NGF-and vehicle-treated animals were compared, suggesting . Intraseptal NGF infusions increased cholinergic performance as measured by hypertrophy of cholinergic somata and increased ChAT activity within the septum and hippocampal targets (Fig. 2) . The consequences of selectively stimulating septohippocampal cholinergic function on hippocampal synaptic transmission were evaluated in vivo within the entorhinal-dentate pathway. A baseline stimulus was initially applied to the perforant path (pp), and extracellular postsynaptic responses were measured within the dentate gyrus (DG) (top center). After a tetanizing stimulus, responses to intermittent test stimuli were monitored for an additional 90 min, and LTP was expressed as the percentage change in the slope of the initial EPSP (top left trace). This experimental paradigm isolated the three components of the test procedure: stimulation of the synaptic pathway at the level of the perforant path, recording postsynaptic responses within the rostral hippocampal formation (H.F.), and modulating septohippocampal cholinergic transmission remotely within the medial septum (M.S.). Ent, Entorhinal cortex; ff, fimbria fornix; O.B., olfactory bulb; Stim., stimulating electrode.
that the mechanism of NGF-induced facilitation of LTP is postsynaptic rather than presynaptic. By restricting NGF delivery to the septal nucleus, without direct spread to the hippocampus, it can be concluded that the effects of NGF on LTP were generated via cholinergic inputs, since only cholinergic neurons express trkA receptors that mediate NGF actions. To confirm that cholinergic inputs to hippocampus are targets of NGF actions that could influence LTP, additional subjects received ablative lesions of cholinergic neurons using the selective immunotoxin IgG-192-saporin (SAP) (Heckers et al., 1994; Conner et al., 2003) : LTP was significantly reduced relative to nonlesioned controls (18.3 ϩ 4.5%; p ϭ 0.04; n ϭ 11) (Fig. 3B) . Anatomical analysis in SAP-lesioned animals revealed virtually complete elimination of cholinergic neurons within the medial septum and extensive loss of cholinergic terminals within the hippocampus (Fig. 4) .
NGF blockade inhibits LTP and impairs spatial memory
To test whether NGF is of functional significance in the intact brain, we blocked endogenous NGF in the hippocampus and examined subsequent effects on hippocampal electrophysiology and spatial learning. Rats underwent bilateral intrahippocampal infusions of either function-blocking NGF antibodies (Conner and Varon, 1996) at a concentration of 150 ng/d per side (n ϭ 10), or control rabbit IgG at the same concentration (n ϭ 6). The NGF antibody is specific for NGF and does not block the biological activity of either BDNF or NT-3 (Conner and Varon, 1996) . Seven days after the start of infusions, LTP induction was examined in vivo after application of tetanic stimuli (2/3 S max ) to the perforant path. NGF antibody-infused subjects exhibited a significant threefold reduction in LTP induction (8.0 ϩ 10.4%) compared with animals infused with a control IgG (27.9 ϩ 3.0%; p ϭ 0.02) or intact animals (30.0 ϩ 1.2%; p ϭ 0.03) (Fig. 3B,C) . Levels of LTP induced in anti-NGF treated animals were similar to those observed in SAPlesioned animals (18.3% ϩ 4.5%; p ϭ 0.3, unpaired t test). Thus, blockade of NGF activity in vivo significantly impairs LTP.
To assess the role of endogenous NGF signaling in hippocampalmediated spatial learning, rats received continuous bilateral infusions of either NGF blocking antibodies (150 ng/d per side; n ϭ 12) or the same concentration of a control antibody (rabbit IgG; n ϭ 12) into the dorsal hippocampus. Six intact (nonoperated) animals Figure 3 . NGF facilitates the induction of hippocampal LTP. A, LTP was induced in NGF-and vehicle-treated animals using a stimulus strength of 1/3 S max . LTP was measured as the percentage change from baseline in the initial slope of the EPSP. A typical response is shown in inset (NGF treated). Calibration: 2.5 mV, 2.5 ms. NGF-treated animals showed a significant increase in LTP induction relative to vehicle-treated controls ( p ϭ 0.03, unpaired t test). B, When LTP was induced using a stronger stimulus strength (2/3 S max ), NGF-treated animals trended toward higher levels of LTP compared with vehicle-treated and naive controls, although this did not reach significance at these near-saturation levels of LTP ( p ϭ 0.29, unpaired t test). LTP was significantly reduced in animals with selective depletion of cholinergic inputs to the hippocampus ( p ϭ 0.04) or with specific blockade of NGF signaling ( p ϭ 0.03); no difference between anti-NGF-and SAP-treated animals was observed ( p ϭ 0.3). The inset shows a typical NGF-treated response. Error bars indicate SEM. C, Short-term depression induced by high-frequency stimuli did not differ after NGF stimulation of cholinergic function, suggesting that the mechanism of NGF-induced facilitation of LTP is postsynaptic rather than presynaptic. Stimuli at 10, 40, and 100 Hz were used (only 10 and 40 Hz are shown in the figure) . D, Typical electrode penetration site within the dorsal aspect of the dentate gyrus (DG).
were also tested. Beginning 7 d after the start of antibody infusions, spatial learning and memory were assessed in the Morris water maze. Subjects underwent 10 consecutive days of testing (two trials per day, 90 s maximum), followed by a probe trial on the last day of acquisition. Ten days after completion of acquisition trials, retention of spatial memory was tested in two additional hidden platform sessions. Notably, anti-NGFinfused animals exhibited significant deficits in retention of the platform location relative to IgG-infused controls, both in terms of latency (56% worse, p ϭ 0.05, unpaired t test; vehicle, 7.8 Ϯ 0.5 s; anti-NGF, 12.4 Ϯ 2.2 s) and overall swim distance (82% worse; p ϭ 0.05, unpaired t test; vehicle, 236.1 Ϯ 16.1 cm; anti-NGF, 415.6 Ϯ 86.6 cm). Initial rates of learning did not differ between groups (supplemental Fig. 2 , available at www.jneurosci.org as supplemental material). Swim speed ( p ϭ 0.9, unpaired t test), distance ( p ϭ 0.6, unpaired t test), and latency ( p ϭ 0.4, unpaired t test) to reach a visible platform did not differ among groups, indicating that general motor skills or visual acuity were not affected by anti-NGF infusion. Histological examination of brains confirmed appropriate cannula placement and diffusion of antibodies within the hippocampus.
Discussion
The present findings provide the first direct demonstration that NGF availability can influence hippocampal physiology and behavior in the intact, adult brain by modulating brain cholinergic systems. Selective augmentation of septohippocampal function with NGF significantly facilitates hippocampal plasticity, whereas NGF blockade impairs hippocampal plasticity. Furthermore, NGF blockade significantly impairs memory retention.
The experimental paradigm used in the present study was designed to ensure that NGF actions were mediated by effects on cholinergic projections to the hippocampus. NGF delivery in the augmentation studies was restricted to only cholinergic somata of the septum, confirmed immunocytochemically and by ELISA. These low doses of NGF enhanced the cellular phenotype of septal cholinergic neurons, reflected by somal hypertrophy, and elevated choline acetyltransferase levels both within the septum and remotely in the hippocampus. Importantly, only cholinergic neurons of the basal forebrain express the requisite trkA receptors to mediate responses to NGF (Sobreviela et al., 1994) ; thus, NGF infusions could not influence other neuronal systems modulating hippocampal activity. In addition, the manner in which NGF modulated hippocampal LTP was consistent with previous reports of cholinergic influences on LTP in the hippocampus and the neocortex: cholinergic antagonists reduce LTP induction in the hippocampus via actions at M 1 or M 2 muscarinic receptors (Hirotsu et al., 1989; Ovsepian et al., 2004; Luo et al., 2008) , whereas cholinergic activation facilitates hippocampal LTP (Blitzer et al., 1990; Burgard and Sarvey, 1990; Bröcher et al., 1992; Segal and Auerbach, 1997 ) through modulation of hippocampal theta (Pavlides et al., 1988; Huerta and Lisman, 1993; Hasselmo and Barkai, 1995; Hyman et al., 2003) . The present study isolates the actions of NGF to ascending cholinergic systems and demonstrates that such actions can influence hippocampal function.
The ability of ascending cholinergic activity to modulate synaptic plasticity has been demonstrated in many brain systems, including the hippocampus and cortex (Bröcher et al., 1992; Huerta and Lisman, 1993; Auerbach and Segal, 1994; Hasselmo and Barkai, 1995) . The hypothesis tested in the present study was that trophic factor control of cholinergic function could significantly impact these plastic events. There are several candidate mechanisms whereby NGF may influence cholinergic activity, and thereby induction of LTP. NGF binding to trk-A directly activates the cholinergic gene locus (Berse et al., 1999) , inducing somal hypertrophy, choline acetyltransferase enzyme activity, stimulus-evoked release of acetylcholine in target regions (Rylett et al., 1993; Scali et al., 1994) , increases in vesicular acetylcholine transporter (Berse et al., 1999) , and enhanced high-affinity choline uptake (Williams and Rylett, 1990; Rylett et al., 1993; Berse et al., 1999) . Thus, regulating NGF availability may serve as a mechanism for modulating cholinergic tone within innervation targets, and thereby influencing synaptic events. Results from this study are consistent with this proposed hypothesis. An increase in NGF availability stimulates septal cholinergic cell function and facilitates the induction of hippocampal plasticity; reducing NGF availability suppresses cholinergic cell function (Sofroniew et al., 1990) and impairs the induction of hippocampal LTP. The present results provide experimental evidence supporting the notion that trophic factor control of neuromodulatory function can serve as a means of regulating plastic processes in the brain.
The nature of an NGF-induced enhancement of LTP via modulation of cholinergic function is in marked contrast to the man- ner in which BDNF has been reported to influence LTP. Early studies indicated that BDNF influences the induction of LTP by acting directly on the excitatory circuits undergoing plasticity, inducing LTP in hippocampus in the absence of tetanizing stimuli (Kang and Shuman, 1995; Messaoudi et al., 1998) . However, more recent studies suggest that BDNF transforms early-phase LTP into late-phase LTP, presumably by generating sustained structural and functional changes at potentiated synapses (Lu et al., 2008; Lynch et al., 2008) . In contrast to BDNF, NGF exerts a modulatory role in the regulation of hippocampal plasticity but does not independently elicit LTP. Furthermore, whereas BDNF acts acutely and locally on synapses within the hippocampus, NGF is retrogradely transported from the hippocampus to cholinergic somata in the basal forebrain (Schwab et al., 1979) ; on arrival in the cell soma, NGF stimulates transcriptional events (Huang and Reichardt, 2003) resulting in a more temporally protracted enhancement of the cholinergic phenotype. It is postulated that regulating NGF availability may serve as a mechanism for modulating cholinergic tone within innervation targets. Moreover, NGF systems in the brain may be adapted to regulate the strength of cholinergic activity within innervation targets over more extended time periods, in contrast to BDNF actions that are local, acute, and direct. This hypothesis is supported by the observation that NGF blockade impairs consolidation rather than acquisition of spatial reference memory in the water maze, a mnemonic process that occurs on a time frame of days to weeks (Squire and Alvarez, 1995; Dudai, 2004) .
In the present study, NGF was required for consolidation of spatial memory, as evidenced by data indicating that infusions of blocking antibodies impaired recall for the hidden platform location 10 d after completion of initial acquisition trials in the water maze. This finding is consistent with a previous study that reported hippocampal injection of NGF antisense mRNA impaired retention of platform location (Woolf et al., 2001) . The behavioral consequences of blocking NGF action in the intact brain are consistent with the effects of inhibiting cholinergic mechanisms (Fischer et al., 1987; Markowska et al., 1994; Chen and Gage, 1995; Tuszynski and Gage, 1995) , further supporting the hypothesis that NGF availability acts as a modulator of cholinergic systems in the intact brain. Interestingly, previous studies investigating the effects of delivering NGF to young, intact adult animals actually demonstrated impaired performance in the Morris water maze (Markowska et al., 1994; Chen and Gage, 1995; Bäckman et al., 1996) . These deleterious effects of NGF in previous studies may result from broad spread of NGF within the CNS that elicits side effects of nontargeted delivery (Holtzman et al., 1995) such as pain, or from the high doses of NGF used previously. It is also possible that NGF control of cholinergic function is precisely regulated, with negative consequences resulting from either excessive or insufficient NGF availability.
In conclusion, we find distinct modulatory effects of NGF in the intact adult brain that influence cholinergic neuronal morphology, hippocampal plasticity, and behavior. We postulate that the physiological function of NGF is to modulate the strength of cholinergic projections to hippocampal and cortical targets, thereby modulating neuronal plasticity and, ultimately, behavior.
